Roadside ditches play an important role in the quantity and quality of receiving waters. Very little, however, is known about the fate and transport of nutrients and trace metals in roadside ditches, especially their leaching to shallow groundwater. This study sought to document selected water quality constituent levels in infiltrated water (i.e., leachate) in roadside ditches maintained with permanent vegetation. Leachate sampling wells were installed in four roadside ditches, and water samples were collected from the wells following major rainfall events during the years 2016 and 2017. The samples were analyzed for nutrient and metal concentrations. Results indicated that nutrient concentrations in the water samples range from 0.00600 to 0.0107 mg/L for orthophosphate (PO 4 -P), 0.00500 to 6.80 mg/L for nitrate (NO 3 -N), 0 to 0.007 mg/L for nitrite (NO 2 -N), and 0.0100 to 314 mg/L for chloride (Cl − ). Concentrations of the metals examined varied between 0.0100 and 104 mg/L in water samples. While there was no specific pattern in both nutrient and metal concentrations when roadside ditches maintained with cool season grass were compared to those of warm season grass ditches, results suggest that grass types will likely affect differently uptake of nutrients and metals in the ditches.
Introduction
Roadside ditches are important features of the drainage network in the United States. They are mostly designed to rapidly convey storm runoff downstream, reducing the risk of potential road closure as a result of flooding and water logging [1] [2] [3] . On average, about 20% of storm runoff is captured by roadside ditches in a watershed [4] . As such, roadside ditches can be considered best management practices for flood reduction [1, 3, 4] .
While roadside ditches intercept and efficiently drain runoff from adjacent roads, fields, and parking lots [5, 6] , they are also conduits of road salts, fertilizers, pathogens, and various contaminants in runoff to streams and rivers, leading to deterioration of downstream water quality [1, 2, 7] . Unmanaged ditches can contribute considerable amounts of suspended sediment and other pollutants to receiving waters, modify natural downstream streamflow, cause erosion along stream banks, and contribute to groundwater quality impairment [2, 3, 5] . By quickly discharging runoff and related pollutants to receiving waters, roadside ditches are comparable, by analogy, to high-velocity faucets [4, 8, 9] .
To help to mitigate contaminant transport in roadside ditches, they are often designed and maintained with permanent vegetation either within or along the ditch in the form of swales and Hydrology 2019, 6, 47 2 of 11 filter strips [10, 11] . Roadside swales are large, shallow, and grassy channels contiguous to roadways, designed to slow storm runoff, promote infiltration, and filter out contaminants while conveying the stormwater [6, 10, 11] . Roadside filter strips are usually small strips of land in permanent vegetation implemented on the side of the road to perform similar functions as filter strips [12] .
Research showed varying results related to the effectiveness of roadside swales and filter strips at removing nonpoint source (NPS) pollutants in runoff (e.g., [9, 11, 13, 14] ). For example, monitoring of two swales on a major four lane state route in Maryland, United States, showed variable removal of total Kjeldahl nitrogen (TKN), ranging from −106% to 77.4% [15] . The variability was apparent mainly during summer months when high levels of extraneous organic matter such as grass clippings and fallen leaves were present in the swales [15] . The study reported that the swales examined were effective in treating most rainfall events, except extreme rainfall events that led to reduction in swale performance [15] . Li et al. [13] also found −12% to 56% removal of dissolved phosphorous (DP) from monitoring of six grassed swales in Texas (three in College Station and three in Austin, Texas, United States). Using artificial runoff on a 65 m long and 4 m wide swale with a 1.6% longitudinal slope, Deletic et al. [16] reported an average total nitrogen (TN) and total phosphorous (TP) removal of 46% and 56%, respectively. The researchers explained that flow rate added high variability to the performance of the swales but found that nutrient removal generally appeared to decrease along the length of the swale. An evaluation of roadside filter strips in North Carolina also revealed considerable reductions in NO 3 -N, NO 2 -N, metal, and total suspended solids (TSS) concentrations [17, 18] .
Water quality implications of roadside ditches is not a new topic; however, research and design efforts mainly focus on factors including vegetation cover and density, longitudinal slope, and soil type that influence the performance of roadside swales and filter strips (e.g., [10, 13, 17] ). The influence of roadside ditches on downstream water quality and biogeochemical functions has not been extensively considered in their design [1, 5] , pointing to the need to evaluate the watershed-scale implications of these systems. The impacts of roadside ditches as affected by cool and warm season grasses on groundwater quality is also not well documented. This study sought to report leaching of water quality constituent levels in roadside ditches maintained with permanent vegetation, adding data to the information system on the fate and transport of NPS pollutants in roadside ditches. The specific objectives of this study were to (1) determine the concentration of selected nutrient and metal constituents in infiltrated water in roadside ditches; and (2) explore if native and non-native grasses (i.e., cool and warm season) affect water quality constituent leaching in roadside ditches. Throughout this report, the term leachate refers to infiltrated water in the unsaturated ditch soil.
Materials and Methods

Study Sites
Two study sites were prepared in South Dakota (SD), United States, for the study (Figure 1 ). Each study site consisted of two experimental set ups, one on each side of the road. One roadside set-up is maintained in cool season grass while the other is planted with warm season grass. The first study site was prepared on 16 road pavement) and the bottom of the ditch (i.e., deepest point of the ditch) on both sides of the road. The other row was installed on the slope half way between the ditch bottom and edge of right-ofway on the land side of the ditch. It should be noted that the ditches were very shallow, so installing the wells on both sides allows having more representative samples. As mentioned earlier, leachate in this study describes the infiltrated and percolated water in the unsaturated ditch soil, captured in the monitoring wells. These sites were outfitted with twenty (20) 3.8 cm diameter, 1.5 m long polyvinyl chloride (PVC) pipes for leachate sampling wells (Figure 2 ). The wells were installed 15 m apart in two rows of five on each side of the road (Figure 3 ). The total length of each row was 75 m, and the two rows were 6.5 m apart. One row of the wells was installed on the slope half way between the top (i.e., edge of the road pavement) and the bottom of the ditch (i.e., deepest point of the ditch) on both sides of the road. The other row was installed on the slope half way between the ditch bottom and edge of right-of-way on the land side of the ditch. It should be noted that the ditches were very shallow, so installing the wells on both sides allows having more representative samples. As mentioned earlier, leachate in this study describes the infiltrated and percolated water in the unsaturated ditch soil, captured in the monitoring wells. 
Field Data Collection
Leachate samples were collected within 36 h following major rainfall events using a syringe and a 1.8 m, 6.3 mm inside diameter of a transparent polyvinyl chloride (PVC) tube. Both the syringe and tube were cleaned using field equipment cleaning standard procedures for water sampling and analysis of inorganic constituents [19] . During sampling, the tube was connected to the syringe and lowered carefully into the well. The syringe was then used to pull water into the tube, then deposited into a cleaned 120 mL high-density polyethylene (HDPE) Nalgene bottle. The collected water sample 
Leachate samples were collected within 36 h following major rainfall events using a syringe and a 1.8 m, 6.3 mm inside diameter of a transparent polyvinyl chloride (PVC) tube. Both the syringe and tube were cleaned using field equipment cleaning standard procedures for water sampling and analysis of inorganic constituents [19] . During sampling, the tube was connected to the syringe and lowered carefully into the well. The syringe was then used to pull water into the tube, then deposited into a cleaned 120 mL high-density polyethylene (HDPE) Nalgene bottle. The collected water sample was kept on ice in the dark in a plastic cooler until it was transported to the laboratory for analysis. Once in the laboratory, a set of the samples was filtered using 30 mL HDPE syringes and 0.45 µm nylon syringe filters into clean 120 mL Nalgene bottles. The filtered samples were then frozen until being analyzed for nutrients. Before analysis, the samples were completely thawed while kept in the dark at 4 • C until being analyzed within 48 h. It should be noted that the samples were held in freezer storage for varying lengths of time, from five to 20 days prior to analysis. The remaining unfiltered samples were delivered, within 24 h of sampling events, to an analytical laboratory (Ward Laboratories Inc., Kearney, Nebraska, United States: https://www.wardlab.com/), where they were subsequently analyzed for metals. A total of 96 leachate samples were collected during five sampling surveys from the Pierre site, and 219 samples during 11 surveys from the Trent site over the study period, which was between May 2016 and October 2017.
Data Analysis
The water samples were analyzed for NO 3 -N, NO 2 -N, PO 4 -P, and Cl − using automated colorimetry methods (USEPA 353.1, 353.2, 365.1, and 325.2, respectively) [20] [21] [22] [23] with Seal AQ2 Discrete Analyzer (Seal Analytical, Mequon, Wisconsin). Axially viewed inductively coupled plasma-atomic emission spectrometry (USEPA 200.5; Rev. 4.2; [20] ) was used for determination of aluminum (Al), copper (Cu), iron (Fe), manganese (Mn), and zinc (Zn) concentrations in the water samples [24, 25] .
A two-sample t-test was used to determine differences in means of concentrations of nutrients and metals leached between cool and warm season grasses at a significance level of 0.10. Prior to the analyses, the datasets were log-transformed in this study, as the original data were not normally distributed.
Results and Discussion
Nutrients and Metals Leached in Roadside Ditches
Concentrations of nutrients and metals in infiltrated water in the studied roadside ditches, regardless of cool and warm season grasses, varied from 0.00500 to 314 mg/L for nutrients and from 0.0100 to 104 mg/L for metals (Tables 1 and 2 ). The data for all nutrient and metal concentrations showed high variability, ranging from 90% variation for NO 3 -N at the Trent site to 400% for Al at the Pierre site (Tables 1 and 2 ). With similar mean rainfall amounts during the study period, the average nutrient concentrations at the Trent site generally appears to be lower than nutrient concentrations at the Pierre site, except for Cl − concentrations. While the intent of the study was not to compare the two sites, it is worth noting that the Trent site is an interstate highway which receives frequent deicing salt during winter due to higher traffic volume compared to the Pierre site, a state road, with less deicing maintenance and less traffic. Heavy metals detected in the ditch water at both sites may come from vehicles-for example, through the wear and abrasion of tires and brake linings. Based on the closest leachate sampling well data to the two sites (http://apps.sd.gov/nr69obswell/default.aspx, South Dakota Department of Environment and Natural Resources), groundwater level at the two sites is relatively the same (~4 m). However, the top soil (3 m) at the Trent site is sandy, while the Pierre site has a very clayey top soil. Nutrient and metal constituents in the ditch water may be susceptible to leaching more quickly in the sandy soil with diluted concentrations passing the monitoring wells than in the Pierre clayey soil with reduced infiltration but more concentrated leaching. The large surface area of the clay soil particles is likely to retain and release more nutrient and metal constituents to runoff than water quality constituents in sandy soil. In addition, clay particles are easily compacted when wet and would likely limit infiltration and increase runoff with dissolved nutrient and metal constituents.
Even though water quality constituent levels in the samples collected in this study revealed some potential for downstream water pollution with respect to the national drinking water quality standards, only a few of the water quality constituents examined exceeded these standards (Tables 1  and 2 ). Nutrient concentrations examined in this study are comparable to results published by other researchers (Tables 1 and 2 ; e.g., [14, 26] ). For example, Yousef et al. [14] found a mean PO 4 -P concentration of 0.495 mg/L in runoff for a field evaluation of two grassed swales in central Florida. Stagge et al. [15] reported means of 1.25 and 0.94 mg/L for NO 3 -N and NO 2 -N concentrations, respectively, in runoff from a swale in Maryland, United States. With less than 1 mg/L in samples collected from groundwater monitoring wells at six study sites in Iowa, roadside ditches were shown to have typical reduced NO 3 -N concentrations in groundwater for watershed-scale treatment of NPS pollution [26] . Metal concentrations in the present study were generally higher than those found in other studies (Tables 1 and 2 ; e.g., [11, 18] ). While Al and Mn concentrations have not been extensively examined with regard to roadside ditch water quality, Cu, Fe, and Zn have often been studied in surface runoff from roadside ditches in many studies (e.g., [13, 17, [27] [28] [29] . This can be explained by the fact that Al and Mn concentrations generally occur with relatively low concentrations in runoff, as found in the present study (Tables 1 and 2 ). Concentrations of metals reported for surface runoff in the literature are comparable to the concentrations examined in this study [28, 30, 31] .
Differences in water quality constituent levels between studies (i.e., between the present study and the literature) could be due to differences in site characteristics, including climate, best management practice (BMP) design and construction, upland usage at the study sites, and most importantly, the medium of interest. This study focused on shallow groundwater, while the literature has largely focused on runoff in the ditches. Clearly, the data suggest that roadside ditches have the potential to contribute to groundwater and downstream water pollution, especially with metal concentration levels. Pollution would depend on rainfall intensity and the condition of the sites as well as ditch and BMP design and maintenance. To increase protection of water quality in the receiving waters from roadside ditches, factors that influence the performance of vegetated BMPs in roadway settings could be improved (see [11, 32, 33] ). In fact, roadside ditches can serve as linear wetlands for groundwater NPS pollution treatment when managed well [26, 33] . Studies showed that dense vegetation, increasing BMP width, and treatment length, as well as a slope less than 10%, can enhance water quality in roadside vegetated BMP [11] . Infiltration of contaminated water in roadside ditches may poses high risk for shallow groundwater contamination [2] . As roadside ditches receive input from a wide variety of stormwater-contributing areas, identification of contaminant sources could aid in ditch design improvement for effective management of groundwater resources. In this context, Alberti et al. [34] developed a methodology to identify source areas having high potential to contribute NPS pollutants.
Impacts of Cool and Warm Season Grasses on Nutrients and Metals Leached in Roadside Ditches
When mean nutrient concentrations were compared between roadside ditches maintained with warm and cool season grasses at the two study sites, there was no specific pattern to derive a clear conclusion, except for Cl − concentrations, which were significantly higher in warm season grass than cool season grass at the two sites (p = 0.013; Figures 4 and 5 ). This could be attributed to the fact that cool season grass is likely more tolerant to a salt environment from deicing salts and grows more in these areas, creating more leaf litter on the ditch floor that may filter out salt residues, leading to lower concentrations of Cl − in leachate compared to the warm season grass. For most heavy metal contaminants, warm grass seems to influence their cycling, as depicted by concentrations of Cu, Mn, and Zn compared to Fe concentrations. Since most of the sampling events took place during spring and summer, coinciding with warmer temperatures, and considering that warm season grasses, which thrive better during the warm season, likely uptake more metals [35] compared to cool season grasses, there are no statistically significant differences in mean concentrations between warm and cool season grasses for many of the contaminants.
Comparison between warm and cool season grasses at the individual study sites shows varying results with increased and decreased nutrient concentrations (Figures 4 and 5) . Research suggests that plants in warmer environments tend to accumulate more nutrients than those growing in cold environments [36] . This was explained by the fact that warmer temperatures in cold ecosystems may result in increased microbial activity, decomposition and mineralization rates, and soil N and P availability, leading to increased plant uptake of N and P [36] . Results from the present study seem to be consistent with that pattern for NO 3 -N and PO 4 -P at the Pierre site. Measurements of metal concentrations at the individual sites also reveal varying results, although the data suggest more metal uptake by warm season grasses than cool season grasses (Figures 4 and 5) . In addition, green-up and evapotranspiration, which may impact when and how much water percolates through the root zone, were not explicitly examined in this study. The study of these processes in a ditch environment could be useful in understanding the influence of grass type on pollutant cycling.
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Conclusions and Recommendations
This study characterized pollutant content in infiltrated water in four roadside ditches in South Dakota. The study also evaluated the effects of warm and cool season grasses on pollutant leaching at each of the study sites. The findings, based on the samples collected between 2016 and 2017 from the four roadside ditches, are as follows:
• Dissolved nutrient and metal concentrations examined in infiltrated water samples were generally low, with a range of 0.005 to 7 mg/L for PO 4 -P and NO 3 -N. High Cl − concentrations were frequently examined in the samples analyzed. This is likely due to application of deicing salts on the road for maintenance for snow accumulation. Concentrations of metal pollutants in the infiltrated water samples collected show a range of 0.010 to 103.600 mg/L. The data for all nutrient and metal concentrations show high variability, ranging from 90% to 400% coefficient of variation.
•
Comparison of nutrient and metal concentrations between warm and cool season grassed ditches led to varying results. While there were no specific patterns in both nutrient and metal concentrations in cool and warm season grassed ditches, there was a clear indication that warm and cool season grasses will likely influence nutrient and metal uptake and release differently.
While these results provide insight into nutrients and metals leaching to shallow groundwater in roadside ditches maintained with cool and warm season grasses, the study is very preliminary, and findings from this study are mostly negative, especially with respect to the grass types. The main reason behind this study is to introduce the subject with the hope that the study will generate some additional ideas for more research in this direction for understanding groundwater quality implications of roadside ditch systems.
Multiple future research opportunities have come to light during the course of this study. A few ideas are listed hereafter. A replication of this study would benefit from documentation of runoff baseline data for soil nutrient and metal composition from the roads and adjacent areas (e.g., fertilizer application rates and crop types adjacent to field sites) during rainfall-runoff events. Collecting background samples from the ditches and areas not influenced by the ditches would be an excellent addition to evaluate water quality impacts of the ditches. Consideration should be given to evaluation of the effects of specific grass types beyond the broad grouping of warm and cool season grasses such as smooth brome (Bromus inermis) and switchgrass (Panicum virgatum) on shallow groundwater quality. Exploring the relationship between rainfall intensity and water purification functions of vegetated BMPs and examining the fate and transport of bacteria (e.g., fecal coliforms) in roadside ditches are also interesting ideas for extending this study. Future research efforts should consider exploring the aforementioned ideas with natural rainfall or using rainfall simulations where the amount, intensity, and frequency of rainfall can be controlled.
